Dynamic model was theoretically established for the two parallel-connected constant-resistance-large-deformation (CRLD) bolts, and the theoretical results were experimentally verified with impact tensile tests on the CRLD bolts samples. The dynamic responses of the double CRLD bolts were investigated under the impact loads with different intensities. The theoretical analyses showed that (1) under relatively small loading the CRLD bolts deform elastically and the deformation finally returns to zero and (2) under the high impact load, including the stable impact load and unstable impact load, the CRLD bolts export structural deformation after the initial elastic deformation. The deformation of the bolts eventually stabilizes at a certain amount of the elongation caused by the relative sliding of the sleeves and rebars. The essential difference between the stable impact load and unstable impact load is that, under the stable impact load, no structural deformation will occur after the impact load ends; under the unstable impact load, the structural deformation will still occur after the impact load ends. The obtained results are of theoretical implications for rock support design with CRLD bolts under the dynamical loading condition.
Introduction
With the increasing mining depths for both coal mines and metal ore, tunnels being built in deep ground are often subjected to high stresses and complex geological conditions. Accordingly, surrounding rock masses in deep ground tend to experience various static and dynamic disasters such as creep and rock bursts [1] [2] [3] [4] . The constant-resistance-largedeformation bolt possesses more excellent performance than the traditional rebar in the areas of the control of roadway with slow and large deformation, the prevention of dynamic disaster in deep mine, and the monitoring and early warning of landslide [5] . So far, there has been no a dynamic model for the double CRLD bolts acting in parallel, which can be used to explain the dynamic impact test results and recognize the dynamic response characteristics and furthermore provides guidance in the security and stability of the roadway support.
Over years, various ground support techniques and bolt structures have been developed for support and retention of the newly exposed face surrounding the excavation in deep mines. Compared to the traditional strength bolt and yieldable bolt, the energy-absorbing bolt has both the strength of the former bolt and the deformation capacity of the latter one [6] . The energy-absorbing bolts that can meet the said requirement include the Garford Solid Dynamic Bolt [7, 8] , Roffex [8] , energy-absorbing rock bolt [9] , cone bolt [10] [11] [12] , MCB cone bolt (modified cone bolt with elongation as much as 180 mm) [13, 14] , and D bolt with large loadbearing and deformation (elongation as long as 400 mm) [6] . In order to adapt to the increasing demands for the support system and bolt device in deep underground engineering, a novel bolt possessing ultrahigh energy-absorbing capacity by deforming with an extraordinarily large elongation at high constant resistance was developed by Manchao He, known as the constant-resistance and large-deformation bolt (CRLD bolt in 2011) [15] .
At present, the research progress on CRLD bolts mainly focuses on three aspects. (1) Theoretically, the constitutive equation of the CRLD bolt under gradual loading is established, which proves the characteristics of constant resistance and large deformation of CRLD bolt [16] . (2) In terms of experimental studies, the CRLD bolt/cable static tensile tests verify the static constitutive equation [17] and in addition the CRLD bolt dynamic tensile tests embody the energy-absorbing and anti-impacting performances and CRLD structural feature [18] [19] [20] [21] . (3) In the project, the CRLD bolts are mainly used for the control of slow and large deformation of deep soft rock roadway [5, 22, 23] , roadway effective support under rock burst coal bump [2, [4] [5] [6] 9] , and the monitoring and advance warning of the landslide in opencast mine [24, 25] . So far, there has been no a theoretically dynamic model of the double CRLD bolts acting in parallel for investigating the corresponding properties, except for experimental and engineering analysis [16] . In order to guide the support of the surrounding rock mass under the dynamic disasters in deep underground excavation, the theoretical model for the double CRLD bolts acting in parallel under impact load is established according to the working principle and the impact tensile test of the double CRLD bolts support. After verifying the correctness and stability of the theoretical model through experimental data, the dynamic response characteristics for the double CRLD bolts under the impact load with different intensities are further discussed.
Impact Tensile Test
. . Working Principle for Double CRLD Bolts Support. Figure 1 shows schematically the structure of the CRLD bolt which is actually a compound device consisting of the following elements: a piston-like cone body installed on a bolt shank (a rebar); a sleeve pipe with its inner diameter slightly smaller than the diameter of the large-end diameter of the cone; a face pallet and a tightening nut functioning as the retention elements. The anchored end of the shank bar is bonded by means of grout. When the axial external load (pull load) is applied on the far end (the face pallet end) of the bolt in the direction opposite to the anchored end, the sleeve pipe will displace in the same direction relative to the cone which is actually the elongation of the CRLD bolt. The motion of the sleeve is equivalent to the displacement of the cone relative to the internal surface of the elastically deformable sleeve pipe. The small-end diameter of the cone is designed to be a little smaller than the internal diameter of the sleeve in order to allow for the easy fitting of the cone body into the pipe. The large-end diameter of the cone is slightly larger than the inner diameter of the sleeve pipe in order to generate the frictional resistance (i.e., the working resistance of the CRLD bolt) during the relative sliding between the cone and sleeve pipe. The elastic limit of the shank bar is more than the frictional resistance. Thus the shank only deforms elastically when the bolt is subjected to the external load. Figure 2 demonstrates the working principle of the double CRLD bolts acting in parallel in stabilizing the surrounding rock mass. It is considered that the double CRLD bolts are equivalent with the same geometric parameters and material parameters and maintain simultaneous deformation during the support process. The anchored end is fixed inside the stable interior region by resin or cement grouts and the sleeve is located in the unstable surface region. The face pallet is in close contact with the free surface of the surrounding rock mass and plays a supporting role on the roadway. During the dilation of the surrounding rock mass, the bolts system will restrain the dilation so that a tensile load is induced at the face pallet end.
In the initial support process, the pull force exerted by the pallet and nut on the sleeve pipe does not reach the constant resistance force which is the maximum static friction; when the cone slides inside the sleeve pipe, the sleeve pipe, being relatively static with the cone in the direction opposite to anchored end of the bar, only exports elastic elongations of the shank rod as shown in Figure 2(a) . If the pull force exerted by the pallet and nut on the sleeve pipe exceeds the constant resistance force , the sleeve pipe will be displaced in the direction opposite to anchored end of the bar, exporting elongations with structural deformation as shown in Figure 2(b) .
. . Testing System and Results. Figure 3 illustrates the impact tensile test system of the double CRLD bolts acting in parallel (i.e., modified SHTB test system developed at State Key Laboratory for Geomechanics and Deep Underground Engineering in China University of Mining & Technology Beijing), which is specially used to explore the dynamic characteristics of the double bolts acting in parallel under impact load. The double CRLD bolts impact tensile test system is mainly divided into three parts: Hopkinson dynamic loading system (Figure 3(a)(i) ), double bolts impact tensile system (Figure 3(a) (ii)), and data acquisition system (Figure 3(a)(iii) ). Specifically the Hopkinson dynamic loading system contains the following sections: a loading system being able to provide pressure range between 0 and 25 MPa (Figure 3(b)(i) ), a guidance system with length 3950 mm (Figure 3(b) (ii)), and a bullet made of #35 CrMn steel (length is 800 mm, diameter is 75 mm, and quality is 27.6Kg) as shown in Figure 3 (b)(iii). In detail double bolts impact tensile system consists of the following elements: an impact rod whose diameter is equal to that of the bullet (length is 1500 mm, quality is 51.7Kg, density is 7800 Kg/m 3 , and elastic stress wave velocity is 5190 m/s), two guide frames with the goal of supporting the impact rod coaxial with the loading system, and a fixed bearing functioning to fix the anchored ends of the double CRLD bolts (the guide frames and fixed bearing are all made of high-strength cast steel), two equivalent CRLD bolts samples with the same geometric parameters and material parameters (the parameters are presented in Figure 4 and Table 1), the face pallet being able to slide freely in the horizontal direction and involving three force sensors to measure impact load when impact rod is hit, and the tightening nut fixing the face pallet over the sleeve. Figure 3 Figure 3(c) demonstrates the schematic view of the impact tensile test of the double CRLD bolts acting in parallel in the vertical direction which is more convenient to understand the experimental process. After the erection of all the experimental apparatus is completed, loading controller sets the barometric pressure, and simultaneously the speed, load, and displacement monitor are ready to start sampling. The pressure released by air cylinder pushes forward the bullet to do accelerated movement in the bore. The high-speed bullet that rushes out of the bore strikes the impact rod whose opposite end intimately contacts the face pallet, so the double CRLD bolts whose sleeve pipes are bonded to the face pallet in parallel by their nuts produce the corresponding mechanical behavior. During this process speed monitor records the velocity at which the bullet hits the impact rod, load monitor real-time records and images the load on the face pallet through the force sensors, and simultaneously displacement monitor remembers and displays the elongation of the double bolts tails. Figure 5 shows the experimental impact load-time curve for the double CRLD bolts samples in parallel. Intensity of air source is applied at 1.0MPa and the strike speed of the bullet is measured as 6.14m/s. It can be seen that the load drastically attains the maximum value 271.06KN at a moment 0.30ms in the time axis and sharply drops to the stable value immediately. Interestingly, the load reaches a second peak value 140.81KN when at 1.97ms.
Dynamic Model for Double CRLD Bolts Acting in Parallel
The impact load is simulated by a trigonometric function for its mechanical properties of rapid rise and fall in a very short period of time, and it can be expressed by
where and determine the intensity and duration of impact load, respectively. Specifically, the intensity of impact load (denoted by ) is = 2 , and the duration of impact load (denoted by Δ ) is Δ = 2 / . It can be seen that the impact load achieves the maximum value at the time of / from the curve of impact load as shown in Figure 6 . When the intensity of impact load varies, the force condition and motion situation of the CRLD bolts have great difference. Hence, the impact load is divided into three types in accordance with the different intensities. (i) For the elastic impact load, the CRLD bolts only deform elastically during the entire process. (ii) For the stable impact load, the structural deformation of the CRLD bolts is generated; that is, the sleeve slides relatively to the cone. Notably, the relative slippage has stopped when the impact load ends. (iii) For unstable impact load, the CRLD bolts also produce structural deformation, but the relative sliding will continue after the impact load is over. The force and deformation of the CRLD bolts under the three kinds of impact load are discussed, and the mechanical properties are further studied. Figure 7 clearly explains the mechanical model of the double CRLD bolts acting in parallel under the elastic impact load. The sleeve and the shank rod always have no relative sliding, and only the shank rod is elastically elongated and compressed. The motion of the double CRLD bolts consists of two processes: the combined action of the impact load and the internal force of the shank (see Figure 7 (a)); then the internal force of the shank alone (see Figure 7 (b)). The bolts are in a state of rest at the initial moment, and the impact load begins to act on the face pallet, as shown in Figure 7 (a). Under the impact load and the internal force of the shank, the double bolts elastically deform, as shown in Figure 7 (b). After the impact load is complete, the bolts oscillate elastically only under the shank force, as shown in Figure 7 (c).
The impact load ( ) is exerted on the face pallet along the direction of movement (i.e., t ≤ Δt), and the internal forces 2 ( is the stiffness of the single shank) of the double shank rods are applied in the opposite direction of motion, as shown in Figure 7 (b). The displacement of the double bolts, starting with the initial rest position, is represented by . A force balance on the double bolts gives
where is the mass of the shank and cone for the single CRLD bolt and is the mass of the face pallet and double sleeves. The overdot denotes differentiation with respect to the time, .
Substituting (1) into (2) then can be rewritten into a standard form of second-order ordinary nonhomogeneous differential equation.
Mathematical Problems in Engineering The solution to (3), with the introduction of two free variables 1 and 2 , is
For the initial conditions =̇= 0 when = 0, the two free variables can be given by the following.
At the time of impact load ending, that is, t = Δt, the displacement and velocity of the bolts, respectively, become
After the impact load is completed (i.e., t > Δt), the bolts continue to elastically deform under the internal forces of the shanks as shown in Figure 7 (c). Another force balance gives the following.
The solution to (8) , with the two free variables 3 and 4 , is as follows.
Substituting the continuity conditions = Δ anḋ= Δ when = Δ into (9) and (10), then the two free variables can be given by the following. At the initial moment, the double bolts are at a state of rest and the impact load begins to act on the face pallet, as shown in Figure 8 (a). The double bolts deform elastically under the impact load and shank force, as shown in Figure 8(b) . Once the amount of the deformation exceeds the maximum elastic deformation of the CRLD bolt, implying that the internal force of the shank exceeds the constant resistance of the CRLD bolt, the double bolts start to undergo structural deformation. The sleeves and the cones slide relative to each other. The sleeves continue to move forward under the impact load and sliding friction, while the cones oscillate back and forth under the shank force and sliding friction, as shown in Figure 8 (c). The speed of the sleeves gradually decreases since the impact load on the sleeves gradually decreases at a later stage and the sliding friction remains unchanged. When the speed of the sleeve pipes is reduced to zero, the relative sliding is completed. At this moment, the impact load continues to work. The double CRLD bolts produce elastic elongation and compression under the impact load and shank force until the end of the impact load, as shown in Figure 8(d) . After the impact load is over, the bolts continue to deform elastically under the internal force of the shank along, as shown in Figure 8 (e).
In the initially elastic deformation stage (i.e., ≤ , and is the amount of maximum elastic deformation of the CRLD bolt corresponding to the constant resistance), as shown in Figure 8(b) , the double bolts elastically deform under the impact load and the shank force. Therefore, the force balance equation is equivalent to (2) , and the displacement-time relationship and velocity-time relationship of the bolts in initially elastic stage under stable impact load are (4) and (5), respectively.
Under the elastic impact load, the bolts do not reach the maximum elastic deformation during the whole impact process. Different from the elastic impact load, the bolts reach the amount of maximum elastic deformation at the end of the initial phase under the stable impact load. It can be seen that the end time of the initial phase (denoted by 1 ) satisfies
The maximum elastic deformation is given by (for details see [16] 
where is the constant resistance of the CRLD bolt, is the sleeve elastic constant, is the cone geometrical constant, and is the coefficient of the static friction.
After the initial phase is completed, the speed of sleeve and shank becomes as follows.
Once the bolts deform beyond the maximum elastic deformation, implying that the internal force in the shank rod exceeds the constant resistance, the bolts begin to produce structural deformation by the relative sliding of the sleeve and shank, as shown in Figure 8 (c). The force condition and movement situation become different as the sleeve and shank are no longer relatively stationary. For the sleeves and face pallet, the impact load is exerted in the direction of movement and the sliding friction is applied in the opposite direction, satisfying the equation̈=
where is the sliding friction force between the shank and sleeve and given by (for details see [16] 
where is the coefficient of dynamic friction between them. Solving (15), we can get the displacement-time relationship and speed-time relationship of the bolts in the structural deformation stage under stable impact load:
where 5 and 6 are two free variables. Substituting the continuity conditions = 1 anḋ=̇1 when = 1 into (17) and (18) , then the two free variables can be obtained as follows.
When the velocity of the sleeves is reduced to zero, the sleeves and the shanks stop sliding relative to each other, and the bolts no longer produce structural deformation. It can be seen that the end time of the structural deformation phase, denoted by 2 , satisfies( 2 ) = 0. At this time, the displacement of the sleeves and face pallet, denoted by 2 , becomes 2 = ( 2 ).
On the other hand, the shanks and cones oscillate back and forth under the shank forces and sliding friction during the structural deformation phase. The force balance on the cones gives̈=
where is the displacement of the cones during the structural deformation stage starting from the end of the initial elastic phase. Substituting (12), (13) , and (16) into (20), then we can have the following.
It is convenient to use the elapsed time since the initial movement of the cones and shanks as the independent variable; that is, = − 1 , so the solution to (21) is
where 7 and 8 are two free variables and = √ / . Substituting the initial conditions = 0 anḋ=̇1 when = 0 into (22) and (23) , then the two free variables can be given by the following.
Substitute = − 1 into (22) and (23); then the expression of the displacement of the cone with respect to the variable will be
and the relationship between the velocity of the cone and the time will be as follows.
At the end time of the structural deformation, the displacement of the cone (denoted bŷ) becomeŝ
and the speed of the cone (denoted by V ) changes into the following.
When the speed of the sleeves is reduced to zero, the sleeves and shanks stop sliding relative to each other and begin to move together. According to the law of conservation of momentum, the common velocity (denoted by V + ) of them satisfies the following.
The solution to (29) is as follows.
Under the stable impact load, the impact load still exists at the end of the structural deformation of the bolts; that is, 2 ≤ Δ . The double CRLD bolts oscillate elastically under the impact load and shank force, as shown in Figure 8(d) . Let + denote the common displacement of the sleeves and shanks during the elastic oscillation starting from the end of the structural deformation. The force balance gives
Substituting (1) into (31), it can be rewritten into a standard form of second-order ordinary nonhomogeneous differential equation.
Solving (32), we can obtain the displacement-time relationship and speed-time relationship of the bolts during the elastic oscillation under the impact load and shank force
where 9 and 10 are two free variables. Substituting the continuity conditions + = 0 anḋ+ = V + when = 2 into (33) and (34), then the two free variables can be obtained by the following.
When the impact load is over ( = Δ ), the common displacement of the sleeves and the shanks becomes
and their common velocity turns into the following.
At the subsequent times (i.e., > Δ ), the sleeves and shanks continue to oscillate elastically only under the internal forces of the shanks, satisfying the following equation.
The solution to (38), with two free variables 11 and 12 , is as follows.
Substituting the continuity conditions + = + Δ anḋ + =̇+ Δ when = Δ into (39) and (40), then the two free variables can be obtained as follows.
As a further result, the displacement of the bolts during the elastic oscillation relative to the initial position of the whole process can be given by the following. Figure 9 clearly explains the mechanical model of the double CRLD bolts acting in parallel under the unstable impact load. The double bolts also produce structural deformation, and the sleeves and shanks slide relative to each other. However, unlike under the stable impact load, the structural deformation caused by relative sliding continues to occur after the impact load is completed. The situation of force and motion for the double CRLD bolts can also be divided into four processes under the unstable impact load: the elastic deformation ( Figure 9(b) ); the structural deformation under the impact load and shank forces (Figure 9(c)) ; the structural deformation under the shank forces alone (Figure 9(d) ); and the elastic recovery (Figure 9(e) ).
At the initial moment, the double bolts are at a state of rest and the impact load begins to act on the face pallet, as shown in Figure 9 (a). The double bolts deform elastically under the impact load and shank forces, as shown in Figure 9(b) . Once the amount of the deformation exceeds the maximum elastic deformation of the CRLD bolt, implying that the internal force in the shank exceeds the constant resistance of the CRLD bolt, the double bolts start to undergo structural deformation. The sleeves and the cones slid relative to each other. The sleeves continue to move forward under the impact load and the sliding friction, while the cones oscillate back and forth under the shank forces and the sliding friction, as shown in Figure 9 (c). When the impact load is over, the relative movement of the sleeves and cones does not stop, and the structural deformation continues to occur under only the shank forces. The sleeves still move forward under the sliding friction, while the cones still oscillate back and forth, as shown in Figure 9 (d). The speed of the sleeve pipes gradually decreases due to the sliding friction. When the speed is reduced to zero, the structural deformation caused by the relative sliding no longer occurs. The sleeves and shanks begin to recover elastically under the internal forces of the shanks, as shown in Figure 9 (e).
In the initially elastic deformation stage (i.e., ≤ ), as shown in Figure 9 (b), the double bolts elastically deform under the unstable impact load and the shank forces. It is completely equivalent to the initial stage under the stable impact load.
Once the bolts deform beyond the maximum elastic deformation , meaning that the internal force in the shank rod exceeds the constant resistance , the bolts begin to produce structural deformation by the relative sliding of the sleeve and shank (Figure 9(c) ). The situation of the force and motion becomes different as the sleeve and shank are no longer relatively stationary. For the sleeves and face pallet, the impact load is exerted in the direction of movement and the sliding friction is applied in the opposite direction. Therefore, the force balance equation is equivalent to (15) , and the displacement-time relationship and velocity-time relationship of the bolts in the structural deformation stage under the unstable impact load and shank forces are (17) and (18), respectively.
Under the stable impact load, the structural deformation is completed before the end of the impact load. Differently, under the unstable impact load, the structural deformation continues to occur after the impact load is over. At the time of the impact load ending, i.e., = Δ , the displacement of the sleeves and pallet changes into
and the velocity of them turns into the following. After the impact load is over, i.e., > Δ , the sleeves continue to slide forward with respect to the shanks resulting in the structural deformation (Figure 9(d) ). At the subsequent times, the sleeves and pallet under only the sliding friction satisfy the following equation.
Solving (45), we can obtain the displacement-time relationship and speed-time relationship of the sleeves after the impact load ending:
where 13 and 14 are two free variables. Substituting the continuity conditions = Δ anḋ=̇Δ when = Δ into (46) and (47), then the two variables can be given by the following.
The velocity of the sleeves gradually decreases due to the sliding friction in the opposite direction of the movement. When the speed is reduced to zero, the sleeves and shanks stop sliding relative to each other, and the bolts no longer produce structural deformation. It can be seen that the end time of the structural deformation, denoted by 2 , satisfieṡ ( 2 ) = 0. At this time, the displacement of the sleeves, denoted by 2 , becomes 2 = ( 2 ).
During the entire process of the structural deformation, including the deformation under the impact load and shank forces (Figure 9(c) ) as well as the deformation under only the shank forces (Figure 9(d) ), the shanks and cones always oscillate back and forth under the internal forces of the shanks and sliding frictions. It is equivalent to the structural deformation phase under the stable impact load. Similarly, is used to represent the displacement of the cones during the whole process of structural deformation starting from the end of the initial elastic phase, and = − 1 . It can be seen that the displacement of the cones satisfies (20) . The displacement and the velocitẏof the cones with respect to the time variable are, respectively, (25) and (26) .
At the end time of the structural deformation caused by the relative sliding of the sleeves and cones, the displacement and velocity of the cones are, respectively, (27) and (28). It needs special attention that 2 > Δ under unstable impact load and 2 ≤ Δ under the stable impact load. This is the essential difference between the unstable impact load and stable impact load: under the unstable impact load, the structural deformation will still occur after the impact load ends; under the stable impact load, no structural deformation will occur after the impact load ends.
After the structural deformation of the bolts is completed, the bolts oscillate elastically under only the internal forces of the shank rods (Figure 9(e) ). Similarly, let + denote the common displacement of the sleeves and shanks during the elastic oscillation starting from the end of the structural deformation. The force balance of the bolts gives the following.
Solving (49), we can obtain the displacement-time relationship and speed-time relationship of the bolts during the elastic oscillation under the unstable impact load and shanks forces
where 15 and 16 are two free variables. Substituting the continuity conditions + = 0 anḋ+ = V + when = 2 into (50) and (51), then the two variables can be obtained by the following.
As a further result, the displacement of the bolts during the elastic oscillation relative to the initial position of the whole process can be given by the following.
In particular, the second peak in the load-time curve is due to the face pallet hitting the impact rod during the elastic recovery. In the impact tensile test for the double CRLD bolts acting in parallel, the bullet hits the impact rod and the first peak is formed on the face pallet that is in close contact with the impact rod. Subsequently, the CRLD bolts start to move and the impact rod remains approximately stationary. After the deformation of the bolts reaches the maximum value, the bolts recover elastically in the opposite direction. The second peak is generated when pallet hits the impact rod located in initial position again. The intensity of the second pulse is determined by the internal forces of the shanks when the deformation of the bolts reaches the maximum.
Under the elastic impact load, the bolts only deform elastically and the sleeves and shanks are always relatively stationary. When the deformation of the bolts is maximum, the internal forces in the shanks of the double bolts, that is, the intensity of the second pulse, can be given by
where 2 is the intensity of the second pulse load and max( ) denotes the maximum deformation of the bolts during the whole process.
When the pallet recovers and reaches the initial position, the speed of the bolts attains a minimum value which is a negative value indicating the maximum speed in reverse. Therefore, the starting time of the second pulse satisfieṡ
where is starting time of the second pulse load and min() denotes the minimum speed of the bolts during the whole process.
Under the stable impact load and unstable impact load, the bolts produce structural deformation, and the sleeves slide relative to the shanks. When the deformation of the bolts is maximum, the deformation of the shank is −̂; hence the intensity of the second pulse load is as follows.
Different from being under the elastic impact load, when the speed of the bolts reaches a minimum value, the bolts only complete the recovery of elastic deformation and the bolts do not return to the initial position due to the presence of structural deformation. At the subsequent times, the pallet continues to move in the maximum speed in reverse until it collides with the impact rod resulting in the second pulse load. The starting time of the second pulse is
where 1 is the time when the speed of the bolts reaches the minimum value, and satisfies( 1 ) = min(). 2 is the time from the bolts speed reaching the minimum value to the pallet hitting the impact rod and satisfies 2 = −[max( ) − ( 1 )]/ min().
Verification of the Theoretical Results with Impact Tensile Test
In the impact tensile test for the double CRLD bolts acting in parallel, the bullet hits the impact rod and the shock wave is generated in the impact rod. According to the traditional SHPB experimental theory [26, 27] , the duration Δ * of the shock wave in the impact rod can be calculated by
where is the length of the bullet equal to 800 mm and c is the speed of the elastic stress wave in the impact rod equal to 5190 m/s. The intensity * of the shock wave in the impact rod can be given by * = 1 2 Vs
where V is the striking velocity of the bullet equal to 17.94m/s, is the density of the impact rod equal to 7800 kg/ 3 , and s is their contact area (i.e., the same crosssectional area of the bullet and the impact rod) and can be obtained by the following.
When the shock wave in the impact rod propagates to the contact surface with the face pallet, a portion of the energy is projected into the face pallet, so that the double CRLD bolts acting in parallel produce corresponding responses. Let 1 represent the ratio of the duration Δ of the shock wave in face pallet relative to Δ * , and let 2 denote the ratio of the intensity of the shock wave in the face pallet relative to * ; then we can have the following.
In order to determine the ratios 1 and 2 , the impact tensile tests for the double CRLD bolts acting in parallel at the gas pressures of 1.5MPa, 1.8MPa, and 2.0MPa were performed. Monitoring the striking velocities of the bullet at the three different gas pressures, then the durations and the intensities of the shock waves in the impact rod can be calculated by (58) and (59), respectively. Based on the measured durations and intensities of the shock waves in the face pallet, the corresponding 1 and 2 can be obtained (the specific data is shown in Table 2 ).
Taking the average values of 1 and 2 as their reference values, and then 1 = 1.45 and 2 = 0.54. From (58) and (61), the duration of the shock wave in face pallet at the 1.0MPa gas pressure can be obtained by the following. The intensity of the shock wave in the pallet, from (59) and (62), can be obtained by the following. 
Combined with the other physical parameters of the specimens for CRLD bolts (see Table 3 ), the theoretical loadtime curve for the double CRLD bolts acting in parallel under impact load can be obtained, as shown in Figure 10 . The load reaches the maximum value 296.49KN at 0.225ms and attains the second peak value 114.63KN at 2.07ms. From the comparison of the experimental data and the analytical data about the load of the double CRLD bolts, it can be seen that their change trends and the two peak values are basically consistent, which indicate the correctness and reliability of the theoretically dynamic model.
Discussion about the Dynamic Responses of the Double CRLD Bolts
In order to investigate the mechanical responses of the double CRLD bolts acting in parallel under impact loads with different intensities and an identical duration (Δt = 2 ms), it is quite necessary to determine the corresponding ranges of the intensities of the three different types of impact load (the specific values as shown in Table 4 ). Specifically we, respectively, choose one from each of the three types of impact load for comparison and analysis, which possesses the intensities of 100KN, 250KN, and 800KN (see Figures 11, 12 , and 13, respectively). In particular, it has been known that the second pulse in the load-time curve of the CRLD bolts is caused by the experimental equipment. It does not belong to the mechanical properties of the CRLD bolts. Therefore, it is not considered for the second pulse in the following analysis. Figure 11(a) shows the displacement-time curve and the load-time curve of the CRLD bolts under the impact load with the intensity 100KN and the duration 2 ms. The maximum displacement 1.06mm of the bolts does not reach the maximum elastic displacement 2.3mm, so there is no relative sliding of the sleeves and the shanks, only the elastic tension and compression of the shanks themselves during the entire impact process. Both the load and the displacement of the bolts eventually become zero when the bolts tend to be stable. Figure 11(b) indicates the load-displacement curve of the CRLD bolts under the elastic impact load. The load firstly rises and then decreases with the increase of the displacement. However after the displacement reaches the maximum value, the load begins to reduce with the decrease of the displacement. Furthermore, the time of the displacement reaching its peak significantly lags behind the time of the load achieving its maximum. Figure 12 (a) illustrates the displacement-time curve and the load-time curve of the CRLD bolts under the impact load with the intensity 250KN and the duration 2 ms. The maximum displacement 2.74mm of the CRLD bolts exceeds the maximum elastic displacement 2.3mm, so the bolts produce structural deformation caused by the relative sliding of the sleeves and shanks. Specifically the sleeves and shanks begin to slide relative to each other at 1.31ms when the internal force of the shank reaches the constant resistance 184.17KN as well as with the corresponding displacement 2.3mm. The relative sliding ends at 1.61ms, at which the bolts achieve the maximum displacement. The impact load still continues until it becomes zero at 2 ms. The relative sliding has stopped before the end of the impact load, which indicates the impact being the stable impact load. In addition the displacement finally stabilized at 1.06mm after the oscillation. Figure 12 (b) indicates the load-displacement curve of the CRLD bolts under the stable impact load. The load firstly rises and then decreases with the increase of the displacement. However after the displacement reaches the maximum value, the load begins to reduce with the decrease of the displacement. Furthermore, the time of the displacement reaching its peak significantly lags behind the time of the load achieving its maximum. Figure 13 (a) shows the displacement-time curve and the load-time curve of the CRLD bolts under the impact load with the intensity 800KN and the duration 2 ms. The maximum displacement 31.67mm of the CRLD bolt exceeds the maximum elastic displacement 2.3mm, so the bolts also produce structural deformation caused by the relative sliding of the sleeves and shanks. Specifically the sleeves and shanks start to slide relative to each other at 0.82ms when the internal force of the shank reaches the constant resistance 184.17KN as well as with the corresponding displacement 2.3mm. Although the impact load is completed at 2 ms, the relative sliding of the sleeves and shanks does not stop. The relative slippage still continues until 3.06ms, at which the bolts reach the maximum displacement 31.67mm. The relative sliding still takes place after the end of the impact load, which demonstrates the impact being the unstable impact load. In addition the displacement finally stabilized at 28.87mm after the oscillation. Figure 13(b) indicates the load-displacement curve of the CRLD bolts under the unstable impact load. The load first rapidly rises and then slowly decreases with the increase of the displacement. Interestingly, the displacement continues to increase after the ending of the impact load. Furthermore, the time of the displacement reaching its peak significantly lags behind the time of the load achieving its maximum. 
Conclusion
Under the impact loads with different intensities, the situations of force and motion for the double CRLD bolts acting in parallel have great difference, which results in the different mechanical responses. (i) Under relatively small loading, the CRLD bolts deform elastically and the deformation finally returns to zero. (ii) Under the high impact load, including the stable impact load and unstable impact load, the CRLD bolts undergo structural deformation after the initial elastic deformation. The deformation of the CRLD bolts eventually stabilizes at a certain amount caused by the relative sliding of the sleeves and shanks. The essential difference between the stable impact load and unstable impact load is that, under the stable impact load, no structural deformation will occur after the impact load ends; under the unstable impact load, the structural deformation will still occur after the impact load ends.
In addition, under the three different impact loads, the time of the displacement reaching its peak significantly lags behind the time of the load achieving its maximum. Under the elastic impact load and stable impact load, there is a contraction of displacement before the end of the load. However, under the unstable impact load, the displacement continues to increase during the entire loading process.
Based on the above discussion about the mechanical response properties of the CRLD bolts under the impact loads with different intensities, some guidance can be provided for the safe and stable support of the roadway with different buried depth and lithology.
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